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Ferromagnetism of GaMnAs studied by polarized neutron reflectometry
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Polarized neutron reflectometry has been used to investigate details of spin ordering in ferrontayhetic
GaMnAs/GaAs superlattices. The reflectivity spectra measured below the Curie temperature reveal additional
magnetic contributions to the structural superlattice Bragg peaks, clearly indicating the existence of FM
interlayer correlations. Closer investigation of the magnetic reflectivity maxima using a full polarization analy-
sis provides direct evidence that the FM order in the GaMnAs layers is truly long range. Moreover, as shown
by the data, the system exhibits a strong tendency of forming a single-domain FM arrangement, even when
cooled throughl ¢ in zero external field.
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Currently, a great deal of attention is being focused on @hus reducing the need for an external magnetic field. Our
new area of solid-state electronics, usually referred to asurrent insight into the domain structure of the new epitaxial
“spintronics.”! In contrast to conventional electronics, in ferromagnets is still insufficient. In general, the present
spintronics not only the current magnitude, but also its spirknowledge of GaMnAs ferromagnetism is based on magne-
state is controlled. Spin valves and spin injectors are the firdization and transport measurements, which probe only the
examples of practical application of spintronics. Furthervolume properties of the spin systémin principle, the FM
progress in developing new devices hinges critically on théehavior seen in those experiments may result from isolated
availability of suitable materials. Such materials need to bé-M aggregates/domains. In other words, such data do not
“good” semiconductors, easy to integrate in typical ICs, andprovide conclusive information abothe rangeof the FM
their semiconductor properties should exhibit strong sensitiverdering. Insight into this issue can be obtained only by
ity to the electronic spin states. An especially desirable propmethods capable of probing the magnetic correlations on a
erty is ferromagnetism, as it greatly enhances the effect of amicroscopic level. Neutron scattering which is known to be
external magnetic field. Unfortunately, there are few naturaparticularly well suited for that purpose is a much better way
ferromagnetic semiconductors, and none of them are particue study the magnetic order of DMS. In this paper we report
larly useful for spintronics applications, due to either too lowneutron reflectometry data from GaMnAs/GaAs superlat-
Curie temperaturegeg., EuO, Eupor structural incompat- tices. By applying the technique of polarization analysis we
ibility with materials typically used in semiconductor tech- were able to observe the magnetic scattering contributions
nology (e.g., CuCsTesl). In search of better materials, since from domain states. The results show that in most samples,
the mid-1970s researchers started investigating systentooling through the Curie temperature in zero external field
known as diluted magnetic semiconduct¢®BMS), which  leads to the formation a$ingle-domairferromagnetic order
are derived from canonical semiconductdssich as, e.g., inthe multilayered structure. Such behavior clearly indicates
CdTe or GaAs by substituting a controlled fraction of non- that the ferromagnetism occurring in individual GaMnAs
magnetic cations with magnetic ioflgln, Fe, Eu ...). One layers is truly long range. Furthermore, the reflectometry
well-known DMS family, intensively studied for more than data prove that there is significant exchange coupling be-
two decades, includes materials based on the IlI-Vitween the GaMnAs layers across the intervening nonmag-
compoundg. However, even though the 1I-VI-based DMS netic GaAs spacers.
alloys exhibit a range of highly interesting properties, they Another neutron scattering tool, known to be particularly
are not good for spintronics applications because they are alvell suited for probing microscopic spin-spin correlations in
antiferromagnetic. Yet, recent progress in the molecularmagnetic systems, is the conventional “wide-angle” diffrac-
beam epitaxy growth of IlI-V-type DM$such as GaMnAs, tometry. With the presently available GaMnAs samples, the
InMnAs, GaMnN), raises new hope, since they seem to pos-application of this latter technique appears problematic.
ses all necessary features of a good spintronics material. I&ince the volume of the material in these epitaxially grown
particular, the stronglyp-type InMnAs and GaMnAs exhibit specimens is extremely small, and the Mn atoms occupy
the desired FM behavidrThe Curie points of these materi- only a small fraction of the lattice sites, the intensity of the
als are still much below room temperature, which limits theirmagnetic diffraction signal is extremely weak. An additional
practicality. Nevertheless, they may play an important role incomplication is the fact that the films are deposited on pure
developing prototypes of future spintronic devices. GaAs which has almost the same lattice periodicity as GaM-

The most desirable situation from the spintronics view-nAs. Therefore, the magnetic peaks occur at the same posi-
point is spontaneous formation of a single-domain FM statetions as the overwhelmingly stronger @1010* times
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o [& ' ' ' ' ] TABLE |. Scattering length densitie&SLD) for GaMnAs and
o 3 o (25/4)x50 GaAs for both neutron spin eigenstates in 104 ~2 units.
1 = (50/8)x50

GaMnAs(++)  GaMnAs(——) GaMnAs(+ —) GaAs
N(b—p) N(b+p) Np Nb

2.713 3.067 0.177 3.070

Reflectivity [log scale]
&

Even though 0.06 is close to the maximum attainable Mn
concentration, it is still a relatively small value, and the SLD
contrast between the constituent layers is quite weak. Con-
sequently, the Bragg peak intensity is rather low. The overall

FIG. 1. Unpolarized neutron reflectivity profiles for peak intensity consists of the nucle_ar part, Wh_ich is the domi-
(25ML/4ML) X 50 and (50ML/8ML)X 50 GaMnAs/GaAs superlat- nant component, and the magnetic part. This Igtter compo-
tices. The solid lines represent theoretical reflectivity profiles calcull€Nt can be extracted from the data by subtracting the spec-
lated from the scattering length density contrast between GaMnA§UM measured abovéc. However, the signal obtained in
and GaAs. Below the critical angle for total reflection the influencesuch a manner is heavily affected by statistical error. Fortu-
of the incident beam is seen due to the relaxed resolution of th@ately, polarized neutron techniques offer the possibility of
instrument. detecting very small magnetic scattering effects superim-

posed on much higher nuclear ones by taking advantage of
Bragg reflections from the substrate. Extracting the purgne interference between the magnetic and nuclear contribu-
magnetic diffraction component from such data is extremelytions to the scatteringe.g., Ref. 7. Another great advantage
difficult. Rather, W|de'ang|e diffraction studies of GaMnAs Of a po'arized neutron beam iS |tS ab|||ty to sense the direc-

may become realistic only when semibulk self-supportingtion of the in-plane layer magnetization, and thus to probe
specimens become available. In reflectometry measurementgsparately different domain populations.

however, one uses samples in the form of GaMnAs/GaAs |n the kinematic limit the four structure factors corre-

superlattices. Peaks in neutron reflectivity occur at positiongponding to NSF and SF scattering processes with the scat-

corresponding to the superlattice periodicity, so that scattefgring vectorQ (normal to the specimen surfaoean be de-
ing from the substrate does not pose a problem. The magsriped as follows:

netic and nuclear scattering components in the reflectivity
maxima are of comparable intensity, and the latter compo-

0 002 004 006 008 0.1
QAT

nent can be completely cut off using polarization analysis. F===2 Nj(b; T p; cos¢;) expiQu;),

The SL samples for the present study were grown by mo- !
lecular beam epitaxy on GaA601) substrates. The Mn con- @
centration in the GaMnAs layers was 6%. In various samples FEF= 2,: N;p; sine; exp(iQu),

investigated the GaMnAs layer thickness was 25 or 50
monolayers, and the GaAs spacer thickness was 4, 6 or 8
monolayers. The number of repeats in all samples was 5@vhere the superscripts refer to the initial and final neutron
The reflecting surface area of the samples was of the order &pin eigenstatesh; and p;, respectively, are the average
1-1.5 cmi. As probed by magnetization measurements, théuclear and magnetic scattering lengths for jtie atomic
samples were ferromagnetic below30 K (the details of layer of the superlatticey; is its average atomic density, and
the growth procedure and the magnetic characterization ang is the layer’s position along the axis parallel @ ¢;
presented elsewhéje denotes the angle between the polarization guésallel to
Neutron reflectivity measurements were carried out at théhe applied magnetic fieJcand the magnetic moment of the
NIST Center for Neutron Research using the NG-1 reflectotayer. This formulation is very useful for qualitative discus-
meter in both polarized and unpolarized operation modession of the experimental data. The magnetization component
The neutron wavelength was=4.75 A. In the polarized parallel to the applied fieldvertical in our experimenjs
mode all four types of the cross sections, corresponding tgives rise to NSF scattering + +) or (——) in our nota-
spin-flip (SP and non-spin-flip(NSP scattering processes tion] which interferes with the nuclear scatteriftis is de-
were measured. scribed byb; + p;cosd; in the first of Eqs(1)]. The perpen-
Typical reflectivity profiles from GaMnAs/GaAs superlat- dicular componenthorizontal in our arrangemenis the
tices taken with unpolarized neutron beam belGw are  source of purely magnetic, SF scattering. Table | shows the
shown in Fig. 1. Clearly visible are the first order superlatticecalculated scattering length densities for the superlattice con-
Bragg peaks, their positions agreeing very well with the SLstituents for the ¢ +) and (— —) NSF scattering cross sec-
periodicity “targeted” in the growth process. The solid tions and the  —) SF scattering cross section. Due to the
curves in the Fig. 1 represent the reflectivity profiles calcunegative value otby,=—3.73 fm and positive magnetic
lated from the scattering length densit$LD) contrast be- contribution from theS=3 Mn spir’ there is almost a perfect
tween GaMnAs and GaAs layers assuming Mn concentrationompensation of the SLD contrast between GaAs and mag-
Cun=0.06. netized GaMnAs for the { —) NSF cross section. Conse-
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FIG. 2. Polarized NSF neutron reflectivity profiles for g 0 — v""r Iy pate
(50ML/6ML) X 50 GaMnAs/GaAs superlattice taken2aG applied £ 400 ©) b
magnetic field. The data for{ +) scattering process is shifted an A gﬁ%i gg MU
order of magnitude down for the figure clarity. The presence of the ggﬁgg; g% |
SL peak in - —) and not in (- +) indicates that the layer mag- 200 | T=90K £ gi%ggsg .
netization is opposite to the applied magnetic field, i.e., the angles H,=2G ]
¢; in Eq. (1) are equal torr. i s R —

0
0.03 0.035 0.04 0.045 0.05

quently for this neutron spin direction there should be no QA

observable superlattice Bragg peake Fig. 2. For the other
neutron polarization state the SL peak is enhanced as com-

pared with the unpolarized neutron experiment. der SL Bragg peak for (50ML/6MLY 50 GaMnAs/GaAs superlat-
Both the (+ +) and (- —) NSF reflectivity profiles ob- tjce. Non-spin-flip scattering processes ) and (— —) as well as
tained for a GaMnAs/GaAs (50ML/6MLJ 50 specimen are  spin-flip ones ( +) and (+ —) are presented. No peak in spin-flip
shown in Fig. 2. The absence of the SL Bragg peak in the&cattering indicates the absence of any horizontal component of the
(++) data and its presence in the () data indicate that sample magnetization. Note the swap in the#) and (— —) scat-
the layer moments are aligned in the direction opposite to theering[see(a) and(b)] after applying an external magnetic field of
applied magnetic fieldi.e. all the ¢; angles in Eqgs(1) are 100 G.
equal torr].
_ The solid curves in Figs. 1 and 2 show theoretical reflecyy ot important result of this communication is presented in
t'V't'?S obtained by applylng' t.he optical treatment of the re'Fig. 3@ which displays the reflectivity spectra measured
fle_ctlon process from a stra’uﬂ_eql homogeneous medfb_hn. after initially cooling the sample beloW in zero external
this approach the total reflectivity of the SL structure is cal-f. Id. Th K of v identical orofil that in Fi
culated recursively from the reflection coefficients of each 1eld. The peak of nearly identical profiie as that seen in Fig.
individual interface. Excellent agreement between calculateg(b) clearly indicates that here also the sample is aligned

and experimental reflectivity profiles has been achieved usWith its full moment. It should be noted that during this

ing the SLD values listed in Table I. measurement the field at the sample site was not exactly zero

In Fig. 3 we present a closer look at the first-order superias it was during the cooling process which took place before
lattice Bragg peak. The results for all four NSF and SF scatPutting the sample cryostat on the reflectompetert ~2 G,
tering processes are displayed for experiments performed béUe to the reflectometer “guide fields.” However, this weak
low and aboveT . and in applied external fields of 2 and 100 field has the same orientation as the external field used in our
G. The panelsa), (b), (c) present the data in the same ordereXperiments, whereas the direction of the sample magnetiza-
the measurements were performed. However, for greatdion is reversed as compared to the situation depicted in Fig.
clarity, we discuss them in the reversed order. Abde 3(b) [the peak appears in the-(—) NSF scattering procebs
[Fig. 3(c)] the sample is nonmagnetiparamagnetic As  Thus, the observed magnetization is certainly not a field-
expected, both £+) and (——) cross section coincide induced effect, but a spontaneous one, resulting only from
since only nuclear scattering is present. There is also no spircooling the sample below . Moreover, the absence of
flip scattering. After cooling the sample down to 7.8 K and(+ +) NSF and SF scattering shows there are no domains
applying a 100 G external fielfFig. 3(b)] the sample is with other magnetization orientation in the specimen, at least
magnetically saturateditypical saturating field values for with dimensions of the order of or greater than the effective
GaMnAs are several tens of (Ref. 11)] and its magnetiza- lateral coherence length of the neutrdin this case
tion is aligned parallel to the magnetic field. There is a SL~100 xm). A collection of randomly oriented domains of
Bragg peak in the £ +) cross section and no such peak in size less than the coherence length would result in an aver-
the (— —) data as one should expect considering @yand  aged magnetization of zero, for example.
the SLD values in Table |. For the saturated sample one All other samples investigated by us exhibited essentially
should not expect any spin-flip scattering as there is no maghe same behavior — namely, cooling throu@g in zero
netization component perpendicular to the applied field. Thexternal field resulted in the formation of a single-domain

FIG. 3. Polarized neutron diffraction profiles about the first or-
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state — except for one specimen, in which all four possiblespin of the Mn ion is very close t§. It indicates that the
domain states were populated. range of the hole-mediated exchange interactions between
The above observations lead to the following importantthe Mn ions is much larger than the average distance be-
conclusions(i) in most cases, each GaMnAs layer spontanetween these ions<9 A). Also, our data provide clear evi-
ously forms a single ferromagnetic domain and that the FMyence of ferromagnetic coupling between the GaMnAs lay-
order in the GaMnAs s truly long rangéii) the net mag- ers, directly confirming the conclusions drawn from the
netic moments in all constituent layers are parallel and ferynalysis of magnetization hysteresis loops in earlier stifdies
romagnetically exchange coupled across the intervenings GanvnAs/GaAs/GaMnAs trilayers. The fact that the inter-

spacers of nonmagnetic GaAs. _ __layer correlations occur in SL samples with GaAs spacers as
In summary, the presented polarized neutron reﬂ.eCt.'V't%hick as 8 monolayers is yet another evidence of the long
experiments prove that the ferromagnetic order within

single GaMnAs layer is of long range. The magnetization o ange of the Mn-Mn exchange coupling forces.
each individual layer is spontaneously saturat@dgle do- This work was supported by the following projects:
main). By comparing the intensities of the nuclear and magNATO PST.CLG 975228, NSF DMR-9510434, and KBN 2

netic contributions to the SL Bragg peak seen in the experipg3p 154 18. We thank Dr. Julie Borchers for many enlight-
ments with a nonpolarized beam, and taking into account th@ning discussions.
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